Seven Fe-Si binary alloys with different silicon concentrations ranging from 0.10 to 2.84 mass% were immersed in a pure zinc bath in the temperature range between 713K and 873K for 600s. The thickness of the alloy layer and the quantities of iron having reacted with zinc were measured, and the structure of the alloy layer was observed. These observations were compared with those of pure iron to offer information about the effect of silicon in galvanizing. Results obtained are as follows:
It is well known that inclusions and alloying elements in steel affect the reaction between solid iron and liquid zinc, which is a basic reaction associated with hot dip galvanizing of steels. Recently, the effect of silicon in steel on the Fe-Zn reaction has attracted the interest of galvanizers, because, when they galvanized silicon killed steels, they encountered such difficulties that the coating became thicker than that formed on rimmed steels, and that the surface appearance was dull, matte grey and non-uniform.
These difficulties were thought to be due to silicon in steels, and many investigations were carried out to seek out the mechanism by which the silicon affected the Fe-Zn reaction and to combat the difficulties associated with the galvanizing of silicon-bearing steels. Pearce(4) , and Devillers et al. (5) have tried to explain a silicon reactivity in galvanizing, but a unified mechanism without unproven assumption has not yet been proposed. The reason for this is due in part to the fact that phenomena associated with the silicon reactivity have not been clarified as to a coating formation and the quantities of iron having reacted with zinc, and that samples used were bearing many elements.
The aim of this paper is to describe the investigation on the reaction between Fe-Si binary alloys and liquid zinc, and to offer some information about the silicon reactivity in galvanizing.
Electrolytic iron and a given amount of sili- 873K for 600s using a method described in an early paper (6) . The methods used for a metallographic observation, a thickness measurement and a measurement of the quantities of iron having reacted with zinc were also described in detail in the paper (6) .
To clarify the effect of silicon on the Fe-Zn reaction, data obtained for the reaction between pure iron and liquid zinc(6) are also described in this paper. A zeta layer is formed next to the regions, namely one at a low silicon concentration and a low immersion temperature and the other at a high silicon concentration and a low immersion temperature. Figure 2 shows the structure of the alloy layer formed on Fe-2.84 mass%Si alloy immersed in the zinc bath at 713K for 600s. This is a representative structure of the alloy layer formed in the area I. The zeta grows up to columnar crystals, and the region between these crystals consists of an eta. The zeta/delta 1 interface is found parallel to the surface of steel substrate, and the zeta near this interface grows up as a layer. Figure 3 shows the structure of the alloy layer formed on Fe-0.97 mass%Si alloy immersed in the zinc bath at 733K for 600s, and this is a representative structure of the area floating zeta crystals is formed next to the thin delta 1 layer. Figure 4 shows the structure of the alloy layer formed on Fe-0.97 mass%Si alloy immersed in the zinc bath at 793K for 600s, layer, there are many regions of the eta which look like white spots in the micrograph, and these spots increase in number as the distance from the steel surface increases. Because of this increment in number of the eta spots, the interface between the mixture layer and the eta seems to be ambiguous. Figure 5 shows the structure of the alloy layer formed on Fe-0.73 mass%Si alloy immersed in the zinc bath at 853K for 600s, and this is a representative structure of sisted of the gamma and the delta 1, and no layer is formed on the delta 1, except a zinc layer. The interface between the delta 1 and the crystals in the eta layer. Although the types of the alloy layers formed in the same area are those described above, a morphology of the alloy layer differs even in the same area. For example, a morphology of the zeta changes from a stratified crystal to a granular one as the silicon concentration increases from 0 to 0.10 mass%.
The relation between the total thickness of the alloy layer and the immersion temperature is shown in Fig. 6 for various Fe-Si alloys. The variation of the total thickness with the immersion temperature depends on the silicon concentration. At 733K, as is used in job galvanizing, the alloy layer formed on the Fe-Si alloys is thicker than that formed on pure iron, except those formed on Fe-0.25 mass%Si alloy and Fe-2.84 mass%Si alloy. It is noticeable that the alloy layer formed on Fe-0.10 mass%Si alloy is thicker than that formed on the other alloys at 713K, and that the alloy layer formed above 833K is thin and It can be seen from the result of Fig. 1 that the type of the alloy layer depends on the silicon concentration and the immersion temperature. So, the thickness of an individual alloy layer which constitutes the total layer also varies with the immersion temperature. Figure 7 shows the thickness of the individual layer in the case of Fe-0.10 mass%Si alloy. The thickness of the gamma layer is excluded from Fig. 7 because of its thinness. It can be seen from the results of Fig. 7 that the alloy layer consists mainly of the zeta in the temperature range from 713K to 753K, the (delta 1+eta) in the region of 793K, and the delta 1 above 833K. Thus in the case of Fe-0.10 mass%Si alloy, the main component of the alloy layer varies with the immersion temperature, and this is true in the other cases.
The quantity of iron remaining in the alloy layer is equal to the sum of the quantity of iron in the individual layer, namely the sum of products of the thickness of individual layer and its average iron concentration. Therefore, it depends on the immersion temperature as the Table 1 Chemical composition of Fe-Si alloys (mass%). microvickers hardness test, and the lattice parameter measurement using the X-ray diffraction method were performed.
These measurements reveal that the change in the physical properties fails to account for the change in the reactivity between iron and zinc caused by silicon in the Fe-Si alloy. The electrical resistance measurement under the condition of rising temperature was also performed, but it did not produce the change in electrical resistance corresponding to the silicon effect. In addition to these, the grain size of the substrate which was considered to have an effect on the Fe-Zn reaction(15)(16) was measured.
The grain size became larger as the silicon concentration increased, and reached about several mm at 2.84 mass%Si, but it did not show any particular change in the region of 0.10 mass%Si or about 1 mass%Si. According to these results, the change in the physical properties of the substrate with silicon is not responsible for the silicon effect on the Fe-Zn reaction at all. By the way, on pickling out of the alloy layer, FeSi particles were found in the pickling solution like in previous papers (18) (19) . Although the formation of FeSi is expected from the FeSi-Zn phase diagram proposed by Koster(11) , where and when FeSi is formed during the reaction progress is not clarified up to date. The results obtained in this study suggests that the effect of FeSi on the nucleation of the zeta crystal or the formation of the (delta 1+eta) layer should be investigated.
The reaction between iron and zinc shows a low reactivity in the region of 0.2-0.3 mass%Si, 713K-793K, and in the region of 813K, as shown in Figs. 6 and 7. This means that when galvanizing is performed at 723K-733K steels with 0.2-0.3 mass%Si must be used to get a normal coating, and that galvanizing at about 813K is a solution for the silicon difficulty in galvanizing.
Seven Fe-Si alloys were immersed in a pure zinc bath in the temperature range from 713K to 873K for 600s. Results obtained for Fe-Si alloys were compared with those obtained for pure iron, and the effect of silicon on the Fe-Zn reaction was studied. The following results were obtained:
(1) The alloy layer formed on the Fe-Si alloys consists of the gamma layer existing next to steel, followed by the delta 1 layer under all the conditions studied. The alloy layer formed on the delta 1 varies with the silicon concentration of the Fe-Si alloy and the immersion temperature, and four areas are seen in the area map depending on the silicon concentration and the immersion temperature.
(2) The reactivity of the Fe-Zn reaction is higher in the region of 0.10 mass%Si and 713K-733K, and in the region of about 1 mass%Si and 773K-793K. The former high reactivity is due to the formation of the thicker zeta layer, and the latter is due to the formation of the thicker (delta 1+eta) layer. On the other hand, this reactivity is low in the region of 0.2-0.3 mass%Si, 713K-793K, and in the region of 813K.
